The key to prevention of vascular disease is a healthy endothelium. The endothelium lines all blood and lymphatic conduits, and it acts as the Teflon ® coating for these conduits. This delicate membrane, only a single-cell layer in thickness, exerts tremendous control over vascular tone, structure, and interaction with circulating blood elements.
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To play its central role in vascular homeostasis, the endothelium produces a panoply of paracrine substances. One of the most potent and versatile of these factors is NO. This simple molecule has diverse effects. It relaxes vascular smooth muscle; inhibits vascular smooth muscle cell migration and proliferation; prevents platelet adherence and aggregation; suppresses adhesion molecules and chemokines mediating inflammation; and promotes endothelial cell survival, proliferation and migration to facilitate restoration of the endothelial lining. 2 Therefore it is not surprising that deficiencies of endothelium-derived NO play a role in the initiation and progression of the most common vascular diseases, such as atherosclerosis. Furthermore, biomarkers reflecting the activity of NOS are independent prognosticators for cardiovascular events and mortality.
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DDAH: A target for vascular therapy?
(eNOS) is highly regulated by blood flow as well as bloodborne endocrine and paracrine substances. Another endogenous regulator of NOS activity are the methylarginines. 6 The mechanism by which the concentration of methylarginines are regulated is the subject of the paper by Torondel and colleagues in this issue of Vascular Medicine. 7 The methylarginines are analogues of arginine in which the terminal guanidino nitrogens of the amino acid are methylated. 8 ADMA and NMMA inhibit the synthesis of NO by competitively interfering at the l-arginine binding site of NOS (Figure 1 ). SDMA does not compete at the l-arginine binding site, so does not interfere with NOS activity directly (but could compete for cellular uptake of arginine at the y+ transporter). Each of the methylarginines are derived from proteins (largely histone proteins) containing arginine residues that are methylated. When these proteins are hydrolyzed, the methylarginines are released. Because ADMA is much more prevalent than NMMA, it has received the most study as an endogenous regulator of NOS activity.
Whereas SDMA is largely excreted in the urine, in humans about 80% of ADMA and NMMA is cleared by the enzyme DDAH. 9 DDAH exists as two isoforms, DDAH1 and DDAH2, which have overlapping distributions in all mammalian tissues. Pharma cological antagonism of DDAH activity in vascular rings causes ADMA to accumulate, inducing contraction of the vascular ring. 10 Similarly, a partial genetic deficiency of DDAH1 (the complete deficiency of DDAH1 is embryonically lethal) is associated with elevated plasma ADMA levels, increased blood pressure and systemic vascular resistance. 11 Furthermore, animals which overexpress DDAH1 have lower plasma ADMA levels, increased NO synthesis, and lower blood pressure. 12 Thus, the activity of DDAH appears to be an important determinant of ADMA and NMMA levels, and thus NOS activity.
Role of DDAH in regulating NOS activity
Torondel and co-workers have extended this concept by using adenoviral vectors to enhance the endothelial expression of DDAH. 7 They used adenoviral constructs encoding DDAH1 or DDAH2 to overexpress the enzymes in human endothelial cells. The adenoviral transfection with either the DDAH1 or 2 construct resulted in a modest increase in DDAH activity of about 50%. This modest increase in DDAH activity was associated with a modest Abbreviations ADMA, asymmetric dimethylarginine; DDAH, dimethylarginine dimethylaminohydrolase; DM, diabetes mellitus; eNOS, endothelial NOS; FXR, farnesoid X receptor; HC, hypercholesterolemia; HCY, hyperhomocysteinemia; HTN, hypertension; iNOS, inducible NOS; L-cit, L-citrulline; LDL, low-density lipoprotein; NMMA, N-monomethylarginine; NO, nitric oxide; NOS, nitric oxide synthase; PPAR, peroxisome proliferatoractivated receptor; PRMT, protein arginine methyltransferases; SDMA, symmetric dimethylarginine.
decline (about 25%) of ADMA in the conditioned medium, consistent with the effect of DDAH to reduce ADMA levels. Surprisingly, this modest effect on ADMA was associated with a striking (threefold) increase in nitrate levels in the conditioned medium. Similar results were obtained with murine carotid arteries in which the endothelium was exposed to the DDAH adenoviral construct. Nitrate is a stable breakdown product of NO, and in these studies (where there are no other significant sources of nitrate) reflects the activity of endothelial NOS. It is possible that the slight reduction in ADMA in the conditioned medium reflected a larger reduction in intracellular ADMA. However, small changes in plasma and tissue ADMA concentrations have been reported to be associated with significant changes in NOS activity in previous studies. For example, in the DDAH1 transgenic mouse, a decline in plasma ADMA levels from 1.6 to 0.7 μM is associated with a doubling of urinary nitrogen oxide. 12 In these same animals there is a striking enhancement of NO-modulated endothelial processes such as angiogenesis in response to hindlimb ischemia. Tissue ADMA levels in the ischemic calf muscles of transgenic DDAH animals are reduced by comparison to controls (18.3 vs 9.2 nmol/g protein), and tissue NOS activity is increased 60% (13) . In the current study, endothelium-dependent vasodilation was improved by the DDAH transfection of the carotid artery intima of wildtype mice. In mice that are partially deficient in DDAH1 (DDAH1+/-), there is an impairment of endothelium-dependent vasodilation that was reversed in this study by transfection with either DDAH isoform. To summarize, by increasing the endothelial expression of DDAH using adenoviral constructs encoding DDAH1 or DDAH2, the investigators increased the metabolism of ADMA. The effect on ADMA levels and NOS activity of either construct was similar (as opposed to data recently provided by Pope and colleagues which suggest that DDAH2 may regulate NO synthesis through an ADMA-independent mechanism).
14 The subsequent reduction in ADMA concentration permitted an increase in NOS activity, generating more NO and improving endothelium-dependent vasorelaxation.
Clinical relevance of DDAH modulation
When the endothelium of a human artery is exposed to elevated levels of LDL-cholesterol, glucose, or homocysteine, it begins to manifest signs of dysfunction (e.g. an impaired ability to induce vasodilation). The mechanisms of endothelial vasodilator dysfunction are multifactorial, but it is clear that elevated levels of ADMA play a role. [15] [16] [17] In some cases, the elevation in plasma ADMA may be due to impaired renal function. 6 This is in part due to the fact that ADMA is excreted in the urine, but also because the kidney is a rich source of DDAH and degrades ADMA. In patients with renal insufficiency, plasma ADMA levels are an independent risk factor for progression of renal disease and mortality. 18 However, the most common cause of elevated plasma ADMA levels may be impaired DDAH activity because DDAH contains a reactive sulfhydryl group in its active catalytic site, which is vulnerable to oxidative or nitrosative stress. 19 Exposure of endothelial cells to high levels of LDLcholesterol, glucose, or homocysteine cause an endothelial oxidative stress that attenuates DDAH activity and increases levels of ADMA in the conditioned medium, an effect that can be reversed by thiol antioxidants. [20] [21] [22] Similarly, in individuals with hypercholesterolemia, diabetes or insulin resistance, hypertension or hyperhomocysteinemia, plasma ADMA levels are elevated, and endothelial vasodilator function is impaired. 8 The adverse effects of elevated plasma ADMA on endothelial vasodilator function can be acutely reversed by administration of the NOS substrate l-arginine, as one might expect in the case where there is an elevated concentration of the competitive inhibitor of NOS. 23 However, long-term administration of l-arginine may not be a viable option for maintaining normal levels of NO generation.
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Is DDAH a therapeutic target in the treatment of vascular disease?
Torondel and colleagues 7 suggest that gene therapy to increase local vascular expression of DDAH may be used to treat or prevent some vascular diseases, such as restenosis in the setting of balloon angioplasty or stenting. Although there is strong pre-clinical evidence that enhancing local vascular synthesis of NO can prevent restenosis, 25 the application of gene therapy in humans faces technical and regulatory obstacles. Pharmacological approaches to enhance DDAH activity may be a more tractable option. Indeed, agents which increase DDAH activity (angiotensin converting enzyme inhibitors, angiotensin receptor antagonists, metformin, PPAR agonists) or expression (such as estrogen, retinoic acid, and FXR agonists) are known. 8 Novel agents designed to specifically increase the expression of DDAH would likely have other transcriptional effects, which could increase the risk of off-target adverse effects. Another approach would be to directly enhance the activity of DDAH, as with an allosteric modulator of enzyme activity. This is not a typical pharmaceutical approach, although recent success with allosteric modulators 26 may increase interest in this approach to drug development.
It should be mentioned that for certain vascular diseases, inhibition of DDAH activity to increase ADMA accumulation may be useful. 27 For example, the cardiovascular collapse caused by sepsis is due to excessive upregulation of the inducible form of NO synthase (iNOS). The excessive amount of NO produced in sepsis suppresses contractile activity of vascular and myocardial smooth muscle, and can result in septic shock. In this case, ADMA might act as a brake on iNOS, reducing the excessive production of NO. Accordingly, in this scenario, an antagonist of DDAH could increase endogenous ADMA levels in a therapeutic manner. However, the enthusiasm for this approach has been tempered by the unsuccessful trials of pharmacological NOS antagonists.
To conclude, the enzyme DDAH regulates the intracellular and plasma levels of the endogenous NOS inhibitor ADMA. Because NO is a key regulator of vascular homeostasis; and because NO deficiency seems to be a major factor in the initiation and progression of vascular diseases; approaches to enhance NO synthesis could provide a powerful approach toward vascular health. Therapeutic modulation of DDAH activity (so as to reduce ADMA and increase NO synthesis) holds promise as a novel therapeutic avenue.
